Purpose: To investigate the impact of macular pigment (MP) on fundus autofluorescence (FAF) lifetimes in vivo by characterizing full-thickness idiopathic macular holes (MH) and macular pseudo-holes (MPH). Methods: A total of 37 patients with MH and 52 with MPH were included. Using the fluorescence lifetime imaging ophthalmoscope (FLIO), based on a Heidelberg Engineering Spectralis system, a 30°retinal field was investigated. FAF decays were detected in a short (498-560 nm; ch1) and long (560-720 nm; ch2) wavelength channel. s m , the mean fluorescence lifetime, was calculated from a three-exponential approximation of the FAF decays. Macular coherence tomography scans were recorded, and macular pigment's optical density (MPOD) was measured (one-wavelength reflectometry). Two MH subgroups were analysed according to the presence or absence of an operculum above the MH. A total of 17 healthy fellow eyes were included. A longitudinal FAF decay examination was conducted in nine patients, which were followed up after surgery and showed a closed MH. Results: In MH without opercula, significant s m differences (p < 0.001) were found between the hole area (MHa) and surrounding areas (MHb) (ch1: MHa 238 AE 64 ps, MHb 181 AE 78 ps; ch2: MHa 275 AE 49 ps, MHb 223 AE 48 ps), as well as between MHa and healthy eyes or closed MH. Shorter s m , adjacent to the hole, can be assigned to areas with equivalently higher MPOD. Opercula containing MP also show short s m . In MPH, the intactness of the Hele fibre layer is associated with shortest s m . Conclusions: Shortest s m originates from MP-containing retinal layers, especially from the Henle fibre layer. Fluorescence lifetime imaging ophthalmoscope (FLIO) provides information on the MP distribution, the pathogenesis and topology of MH. Macular pigment (MP) fluorescence may provide a biomarker for monitoring pathological changes in retinal diseases.
Introduction
Full-thickness idiopathic macular holes (MH), predominantly occurring in women within the sixth or seventh life decade, have a prevalence of 0.02%-0.8% (Klein et al. 1994; Rahmani et al. 1996; Mitchell et al. 1997; la Cour & Friis 2002; Wang et al. 2006; Sen et al. 2008 ). The defect is located in the centre of the retina, the macula lutea, where visual accuracy is normally at its maximum due to the high concentration of cone-type photoreceptor cells (Curcio et al. 1987) . The occurrence of MH was first described in 1869 (Knapp 1869) . Full-thickness idiopathic macular holes make up the major proportion of all macular holes; however, there is a variety of different other macular hole forms, for example occurring in trauma, as a long-term consequence of diabetic or hypertensive retinopathy, through micro-aneurisms or laser induced, which should be differentiated from the idiopathic form (Frangieh et al. 1981; Nork et al. 1991; Cohen & Gass 1994; Ciulla & Topping 1997; Sheidow & Gonder 1998; Ghoraba 2002; Leibovitch et al. 2003; Dithmar 2005) . Of the patients, 10% show a bilateral macular hole occurrence, usually appearing within a time interval of 18 months (Spalton et al. 2013) , while the prevalence of MH in the contralateral eye is 7-15% (Lewis et al. 1996; Ezra et al. 1998; Chew et al. 1999) . In 1988, Gass suggested a uniform classification of idiopathic MH in four stages (Gass 1988) . In 1995, this classification was generally approved and is used in the clinical routine (Gass 1995 (Gass , 1997 . The stages 3 and 4 are fullthickness, with the difference of an incomplete posterior detachment in stage 3 and a complete vitreous detachment within stage 4. Kelly and Wendel were the first to publish a therapy for MH in the year 1991, suggesting pars plana vitrectomy (ppV) surgery with fluid-gas exchange (Kelly & Wendel 1991) . Of the patients, 80-90% achieve a positive outcome with a better visual acuity, up to 65% of the patients show a visual acuity of 0.5 and more (Kanski 2008) . The majority of MH are accompanied by an operculum, which is a small vitreous opacity, above the hole (Kishi et al. 1995; la Cour & Friis 2002) . Different studies demonstrated that these retinal detachments contain MP (Gass & Van Newkirk 1992; Ezra et al. 1997) .
With the improvement of retinal imaging and especially by the use of optical coherence tomography (OCT), a better understanding of the disease in general and also its pathogenesis was obtained (Dithmar 2005) . However, the gold standard OCT simply informs about the extent and severity of existing pathologies. Based on this, the pathological cause for idiopathic MH is still not completely understood, but it is assumed to be a tangential traction of the vitreous body on the fovea, where a strong vitreo-retinal conjunction is present (Gass 1997) . The vitreoretinal tractions were suggested to disrupt the M€ uller cell cone (Mcc) (Yamada 1969) , thereby causing a hole in the centre of the macula (Gass 1999) . Gass also hypothesized a reservoir of macular pigment within the Mcc (Gass 1999) . Studies of macula hole opercula found further evidence for this (Gass & Van Newkirk 1992; Ezra et al. 1997) . A metabolic imaging method, such as the novel fluorescence lifetime imaging ophthalmoscope (FLIO), may provide additional information to OCT, especially regarding the development process of MH.
Fundus autofluorescence (FAF) lifetime changes can be detected in early stages of diabetic retinopathy , in Morbus Alzheimer (Jentsch et al. 2014) , in Stargadt disease (Dysli et al. 2016a,b) and in the age-related macular degeneration (Schweitzer 2010; Schweitzer et al. 2012) as well as its late form, geographic atrophy (Dysli et al. 2016a,b) . These changes will be more easily assigned to underlying pathological mechanisms when contributing fluorophores are characterized, leading to novel insights into pathologies, potentially improving early diagnostics.
In this study, we used the FLIO to characterize autofluorescence (AF) lifetimes of specific areas in macular holes and pseudo-holes. The AF lifetimes were compared to mean fundus autofluorescence (FAF) decays in healthy fellow eyes to gain more insights into the AF lifetime contributions of ruptured macular layers, as well as the retinal pigment epithelium (RPE) underneath the retina.
Subjects and Methods
This prospective, cross-sectional study was approved by a local ethics committee and adhered to the tenets of the Declaration of Helsinki. Informed written consent was obtained from the patients prior to all investigations.
Subjects
Thirty-seven eyes with a full-thickness idiopathic macular hole were included in this study (32 females (86.5 %), five males; mean age: 68.0 AE 6.7 years).
The patients were analysed in three different subgroups: (1) MH O : presurgical macular holes with operculum, 16 patients; 13 females (81.3 %), three males; mean age: 70.8 AE 5.0 years. (2) MH nO : macular holes without operculum, 21 patients, 90.5 % females; mean age: 65.9 AE 7.2 years Seven (18,9%) of these patients were pseudophakic, four of the group MH O and three of the group MH nO . Figure 1 (A) shows a typical OCT scan of a healthy eye, (B) of a typical MH nO and (C) of a MH O . 51.6 % of the eyes presurgically investigated showed an operculum.
The group MH nO consists of MH without operculum previous to the first vitreo-retinal surgery (15 patients; 13 females (86.7 %), two males; mean age: 65.2 AE 7.8 years), as well as persisting macular holes after the first vitreoretinal surgery (six patients, all females; mean age: 67.5 AE 5.6 years). All six patients with a persisting MH had originally shown an operculum, which was removed during surgery. Taken into account that none of the eyes were enrolled twice in the group MH nO , we pooled these groups to increase the total number of patients.
All presurgical macular holes were examined within one to 5 days after diagnosis, and postsurgical MH were examined 4 weeks after intervention.
To further investigate the mean AF decays in MH O , subgroups were determined according to the size of the opercula. Eyes in which the opercula were smaller in size than the macular hole diameter and therefore did not cover the entire hole area (MH Osmall : macular hole, small operculum, seven patients) were distinguished from eyes with large opercula, covering the entire MH area (MH Olarge : macular hole, large operculum, eight patients).
Additionally, 52 macular pseudoholes (MPH) were investigated (38 females (65.5%) and 14 males; mean age: 69.5 AE 10.1 years). A statistical analysis was performed for all MPH with (1) a diameter larger than 0, 1 mm; and (2) a disrupted Henle fibre layer. The minimal diameter for statistical analysis was chosen according to the smallest grid that we use with the software 'FLIO reader'. This analysis included 27 eyes with MPH.
All patients were examined and followed up between September 2013 and March 2015 at the eye clinic of the University Hospital Jena. Their medical histories were recorded, and a history of eye surgery, except for uncomplicated cataract extraction, was an exclusion criterion. Patients with advanced cataract and/or ametropia higher than AE 6 diopters were also excluded. A follow-up examination was conducted approximately 4 weeks after the first ppV surgery when fluid-gas was used for the MH closure. However, no follow-up was conducted after the second vitreo-retinal surgery in case of a persisting MH due to the use of silicon oil.
Study protocol
All patients were examined and diagnosed with full-thickness idiopathic MH or MPH prior to the inclusion.
The intraocular pressure was measured with a non-contact tonometer; both eyes were examined in each participant. Given an intraocular pressure lower 21 mmHg, pupils were dilated with 0.5% Tropicamid (Mydriaticum Stulln Ò ). Fluorescence lifetime imaging ophthalmoscope (FLIO) was always the first measurement performed; it was carried out 30 min after pupil dilation. These images were acquired in a dark room, and each measurement took approximately 2-5 min. The measurement of macular pigment's optical density (MPOD) was always the second examination. After a defined interval of 5 min after the FLIO measurement, it was likewise carried out under dark room conditions. Additionally, fundus photography of both eyes was performed for documentation. A frequency domain OCT was recorded to classify the stage of the MH or pseudo-hole and to determine whether the second eye was healthy, and, finally, a slit lamp examination was conducted. The same investigator carried out all examinations.
FLIO set-up and image acquisition
The FLIO by Heidelberg Engineering (Heidelberg, Germany) was used to record FAF lifetimes in vivo. Based on a Heidelberg Engineering Spectralis system, it relies on the principle of time-correlated single photon counting (TCSPC) (Schweitzer et al. 2004; Becker 2014 ). The FLIO set-up has been described previously (Schweitzer et al. 2004; Dysli et al. 2014) . Briefly, FAF is excited by a pulsed diode laser [full width half maximum (FWHM) 89 ps], emitting pulses with a frequency of 80 MHz at a wavelength of ca. 473 nm. The laser safety of FLIO has been described in detail elsewhere . Briefly, a single laser pulse exposes the retina with an energy of 2.5 10 À12 J (laser class 1), which is approximately four orders of magnitude below the maximum permissible energy according to American National Standards Institute [ANSI Z136.1-2000 (ANSI 2000 ].
The maximum permissible radiant power through the pupil MPΦ B,PLS for FLIO is approximately 2.8 mW, calculated according to Delori et al. (Delori et al. 2007) .
Fundus autofluorescence (FAF) lifetime and intensity images are acquired from a 30°field, centred at the macula, with a resolution of 256 9 256 pixel at a rate of 9 Hz. The individually recorded fluorescence photons are detected in two separate spectral channels by two hybrid photomultipliers (HPM-100-40, Becker&Hickl, Germany). Channel 1 (ch1) detects photons within the range of 498-560 nm (fluorescence photons of, e.g. NADH, FAD, AGE, collagen/elastin), whereas channel 2 (ch2) has a detection range of 560-720 nm (predominantly influenced by lipofuscin). Heidelberg Engineering chose the spectral range of the two channels according to previous studies conducted by our group (Schweitzer et al. 2007 ). Fluorescence photons are detected into 1024 time channels, resulting in a photon arrival histogram representing a fluorescence decay. With an instrument response function (IRF) FWHM of 172 ps (ch1) and 153 ps (ch2), the time resolution of FLIO is approximately 30 ps. In order to register each recorded frame properly and to analyse each fluorescence photon at its correct spatial location, FLIO includes a high-contrast confocal infrared reflectance (IR) image for eye tracking. As a minimal signal threshold, at least 1000 photons were recorded in ch1 for one pixel at areas besides the macular hole or at the healthy fovea. The Software SPC Image 4.4.2 (Becker&Hickl GmbH, Berlin, Germany) was used to analyse the fluorescence data. Using a 5 9 5 pixel binning for noise reduction, the fluorescence decay was approximated by the least-square fit of a series of three-exponential functions. The amplitude weighted mean fluorescence decay time s m was calculated as the average of the three time constants from the fit weighted by their relative contribution. Further details have been described elsewhere (Becker 2014; Sauer et al. 2015 ).
To average s m over specific areas of interest, we scaled the standard ETDRS grid down to the size of the MH. Due to variable sizes of the MH, no uniform grid size could be used. Therefore, the grid was always adjusted according to the variable size of the defect: the middle circle of the grid was aligned to border of the defect (Fig. 1D) . The red, central circular area shows the area inside the macular hole (MHa), and blue annular areas adjacent to the hole were those of the outer annulus (MHb). A peripheral region (PR), presumably unaffected by the MH, was defined as the outer ring of the standardized ETDRS grid (grey annulus in Fig. 1D ). The same regions were defined for 27 eyes with MPH. All pixels within this annular region were included to gain a reproducible reference. Fundus autofluorescence (FAF) lifetimes of healthy and follow-up eyes were analysed with an identical grid size; the parameters 'healthy fovea' and 'fovea follow-up eyes' were derived from a ring of 0.35 mm in diameter centred at the fovea. s m of all pixels within that area was averaged to maintain this data. In healthy control eyes only, the central area C of the standardized ETDRS grid (1 mm in diameter, centred at the fovea) was additionally analysed for comparison with previously published AF lifetimes.
All FAF lifetimes were averaged over these defined areas using the software 'FLIO reader' (ARTORG Center for Biomedical Engineering Research, University of Bern). For the healthy control eyes, the same grid sizes as in the diseased fellow eyes were applied.
To illustrate the FAF lifetimes, FLIMX was used . This software is documented and freely available for download online under the open source BSD-license (http:// www.flimx.de).
Optical coherence tomography
A 512 9 128 pixel macular cube scan and a five-HD line scan of the macular region were obtained by frequency domain OCT (Zeiss Cirrus, Meditec AG, Jena, Germany). The diameter of each macular hole was measured from these images. Two subgroups of MH according to the presence or absence of an operculum above the hole were analysed.
Macular pigment density
The optical density of MP was measured with the Visucam 500 (Zeiss Meditec AG, Jena, Germany). According to a standard protocol, the device provides the integral of MPOD over the macula, the so-called MPOD volume. Additionally, a fundus photography was obtained.
Statistical analysis
For all statistical analyses SPSS 21 (SPSS Inc., Chicago, IL, USA) was employed. To test for significant s m differences between the defined areas within the MH eyes as well as healthy fellow and/or the postsurgical followup eyes, a t-test for paired samples was used. Bonferroni correction was applied when data from the same regions were used in multiple tests.
Results
In the 18 healthy control eyes, we found the typical FAF lifetime pattern with shortest s m at the macular region. The central area C of the standardized ETDRS grid showed AF lifetimes of 228 AE 87 ps (ch1) and 236 AE 36 ps (ch2). Eyes affected with MH show typically different from AF lifetime patterns, and Fig. 2 illustrates FLIO FAF lifetime (s m , false colour-coded; A/B) and intensity (C) images of one eye diagnosed with a MH [no operculum) and its typical corresponding OCT image (D/E)]. The hyperfluorescent circular region (intensity image) in the centre of the fovea indicates the defect, which is similarly reflected in both lifetime images. Additionally, four photon arrival histograms (blue dots) for characteristic FAF lifetime regions are illustrated (Fig. 2F-I ). The optic disc (I) shows longer FAF decays, resulting in a more gradual fluorescence decay compared to the MH region (F) and especially compared to the areas adjacent to the MH (G), where shortest s m is located. Figure 3 , further illustrates these differences, showing the s m distributions for macular holes with a small/without operculum at different regions. Figure 4 then gives examples of the spatial distribution of s m , MPOD, as well as the morphology as seen in OCT. All s m at locations, specified above, are summarized in Table 1 . The mean value of MH diameter was 467 AE 162 lm, and it did not significantly differ between the groups and did not correlate with AF lifetimes from inside or besides the macular hole in any group.
Macular holes without operculum (MH nO )
In contrast to a healthy fovea, shortest s m was not found in its centre but surrounding the MH. An ANOVA regression analysis revealed that there are no significant differences within the mean FAF lifetimes between the presurgical MH without operculum and the persisting MH after first vitreo-retinal surgery.
s m of MHa was significantly longer (p < 0.001 for both channels, Fig. 3A ) compared to MHb (Table 1) . s m of PR was significantly longer than s m of MHa and MHb (p < 0.001) in ch1 and of MHb only (p < 0.001) in ch2. The inhomogeneous, often ring-shaped distribution of shortest s m across the macular region of eyes with MH nO strongly resembles those of the corresponding MPOD distribution (Fig. 4) . Further, in MH nO, we found a trend of shorter s m within the nasal region (nasal quadrant of MHb) compared to s m of the other quadrants. The greatest differences for both channels were found when comparing the nasal to the temporal quadrant (Table 2) .
Of the 21 MH nO eyes, 11 patients had a healthy fellow eye that was comparable with respect to the lens status. s m of area MHa was significantly longer compared to the foveal area in the corresponding healthy fellow eye for both channels (ch1: p = 0.0018; ch2: p = 0.0012; Table 1 ).
However, when comparing s m of MHb to the foveal area of the healthy fellow eyes, similar values without significant differences were found for both channels (Table 3) .
Macular holes with operculum (MH O )
In eyes with small opercula, the mean opercula AF lifetimes were similar to those of areas adjacent to the MH (MHb Osmall ); no significant differences were found between those regions (Table 1 ; Fig. 3B ). In the area inside the macular hole but not covered by the small operculum (MHa Osmall ), longer s m than those of the operculum (p < 0.001) as well as MHb Osmall (p < 0.003) were found. A representative example is shown in Fig. 4 (C-1/2) . s m of PR was significantly longer compared to the opercula s m (ch1: p < 0.001; ch2: p = 0.02) as well as the MHb Osmall s m (ch1: p < 0.001; ch2: p = 0.01), whereas no significant difference was found compared to s m of the MHa Osmall area.
Mean AF lifetimes of MHa Olarge were not significantly different from the MHb region, most likely due to a complete coverage of MH by large opercula. Only s m of MHa Olarge was significantly (p = 0.05) shorter compared to PR in ch1. Figure 6 (a) depicts a MHa Osmall . Short s m is located within the operculum as well as ring-like surrounding the defect.
The MPOD distribution pattern is in good agreement with short s m (Fig. 4(C  -3) ). In contrast to the MH nO , high MPOD as well as short s m at the spatial location of the operculum were measured in MH O patients. This indicates that opercula very likely contain MP.
Of the 16 MH O eyes, only six patients had a comparable healthy fellow eye. Of these patients, two had a small and four a large operculum.
Postsurgical follow-up
For follow-up, patients were examined 1 month after surgery.
Of the 15 MH nO patients who were investigated before vitreo-retinal surgery, 11 patients (73, 3%) showed a closed MH 4 weeks after ppV surgery. Only five of those patients with a closed MH were examined with FLIO again. Foveal mean AF lifetimes (quasi MHa) tended to be shorter compared to MHa s m of the presurgical eyes (p = 0.063 for ch1; p = 0.031 for ch2; Table 3 ), indicating a relocation of shortest s m towards the centre of the fovea. Figure 5 visualizes this finding for one patient that was followed up 4 weeks after successful surgery. The postsurgical foveal s m is also very similar to the foveal s m of MHb in the presurgical eye (Table 3) .
Of the 16 MH O eyes, seven MH (43, 8%) were successfully closed with the first surgery; four of those were followed up with FLIO. Of the nine persisting MH, six were followed up τ m (psecond) 498 -560 nm 560 -720 nm and included in the MH nO group, as explained above. In the follow-up examinations, the fovea showed longer AF decays as compared to the MHa area, as the operculum with short AF decays was removed during surgery. The foveal AF lifetimes of the nine follow-up eyes 1 month after surgery were correlated with the visual acuity at 1 month as well as 3 months after the intervention. One month after surgery, the mean FAF lifetimes of the fovea correlated significantly with the best corrected visual acuity (ch1: r = À0.75; ch2: r = À0.76; p < 0.05). These FAF lifetimes showed a non-significant trend when correlated with the visual acuity at 3 months after intervention (ch1: r = À0.66, p = 0.052; ch2: r = À0.49; p = 0.17).
Macular pseudo-holes (MPH)
In the 52 investigated patients with MPH, short mean AF decays were present when assumed the Henle fibre layer was still intact. The intactness of those layers was verified by OCT; in case of disruption, the short s m was disrupted in the same manner, which is illustrated in Fig. 6(b/c) . clearly shows that if the inner retina is disrupted with only the outer nuclear layer remaining, the short FAF lifetimes are no longer present. This clearly shows that these short decay times must originate from layers above the outer nuclear layer. As the patient group was very inhomogeneous and most defects were very small in size, a statistical analysis was possible for only 27 eyes in this group. The diameters of these MPH were larger than 0.1 mm, and the Henle fibre layer was disrupted. Of the other 25 eyes, nine MPH showed a persisting Henle fibre layer and 14 MPH showed a diameter of less than 0.1 mm. For the 27 eyes included in statistical analysis, the area inside the MPH showed significantly longer (p < 0.001) FAF lifetimes (ch1: 237 ps; ch2: 145 ps) compared to the area besides the MPH (ch1: 194 ps; ch2: 106 ps). Comparing the area inside the MPH to peripheral regions (ch1: 302 ps; ch2: 266 ps), a significant difference (p < 0.001) was found as well.
Discussion
Fluorescence lifetime imaging ophthalmoscope (FLIO), an innovative ophthalmic imaging technique, provides additional information to FAF imaging about retinal structures as well as pathophysiological processes at the ocular fundus (Schweitzer et al. 2007; Schweitzer 2010; Dysli et al. 2014) . A healthy human retina exhibits a typical mean FAF lifetime pattern, which we found in our control group. s m is shorter towards the centre of the macular region in healthy eyes. This macular part of the lifetime pattern clearly differs in eyes with a MH: the short s m was found adjacent to the MH, often in a ring-shaped manner. Probably due to a traction on the macular region, the MH is formed in its centre and the retinal layers are dislocated to areas besides the defect in the same way that short s m is dislocated. Channel 1 = Ch1, Channel 2 = Ch2, Peripheral Region = PR Channel 1 = Ch1, Channel 2 = Ch2, Peripheral Region = PR Ageing effects, such as lipofuscin accumulation and lens cataract, increase mean FAF lifetimes detected with FLIO (Dysli et al. 2014) . The mean macular AF lifetimes for healthy young subjects, evaluated in our recent study (mean age 24.1 AE 3.6 years), were 82 AE 18 ps (ch1) and 126 AE 13 ps (ch2) . In this study, 18 healthy control eyes from patients with a considerably higher mean age of 67.0 AE 8.1 years were enrolled. Consequently, we observed almost two to three times longer mean FAF lifetimes of area C (ch 1: 228 AE 87 ps, ch 2: 236 AE 36 ps).
From our previous investigation, we suggested that MP contributes to the short macular s m by its short AF lifetime. The current study on MH and MPH provides additional strong evidence for carotenoid fluorescence in the retinal context: (1) s m of MHa in MH without opercula was longer compared to s m of MHb, but similar to s m of PR. Assuming there is no dominant fluorescent cell debris or scar tissue causing longer s m inside the MH, this rules out all previous assumptions about short macular s m being caused by RPE (melanin) fluorescence, which was assumed in the first studies employing FLIO (Schweitzer et al. 2007) . The RPE layer is still intact at the MHa, whereas the layers above and especially those of the Mcc are dislocated towards the outside of the MH. As s m of PR is assumed to be predominantly determined by lipofuscin, s m of MHa most likely also exhibits mainly the lipofuscin fluorescence. (2) s m of the fovea in healthy fellow eyes, identical to area MHa in the diseased eye, is very similar to s m of MHb, whereas they are shorter than in MHa. However, in the follow-up examinations after ppV surgery, the foveal region was again very similar to the fovea in healthy fellow eyes. Thus, these layers were relocated towards their original position in case of postsurgical MH closure. This supports the conclusion that layers exhibiting short s m are dislocated in eyes with MH. (3) In MH with opercula, s m of the opacity above the defect is comparable to s m of MHb, the healthy fovea and follow-up eyes, indicating that the same fluorophore must be likewise present, always colocated with MP. This supports our conclusion that MP is responsible for the short mean AF decays originating from opercula, which were reported to usually contain MP (Gass & Van Newkirk 1992; Ezra et al. 1997) . (4) In general, the distributions of MP and short s m were invariant comparable. We observed that short s m is dis-/ relocated in the same manner as MP is dis-/relocated in the foveal region. With respect to our previous study, where we found a strong correlation between short macular s m and MP, the results, presented here, provide additional strong evidence for the contribution of carotenoid fluorescence to the typical short mean AF lifetimes at the macula .
For the 52 MPH, individual disruptions of different retinal layers were found, generating a strong diversity. Therefore, defining and analysing comparable and uniform regions were possible for 27 eyes. A disrupted Henle fibre layer leads to FAF lifetimes (s m ) which are approximately 40 ps longer than surrounding areas, where the Henle fibre layer is intact. This indicates that the shortest fluorescence lifetime of the human retina originates from the Henle fibre layer. This is likely MP fluorescence.
As presented above, MH nO showed no significant s m differences between MHa and PR in channel 2. In MPH however, s m of the region inside the Layers below may contain small amounts of MP as well. This is in accordance with published MP distributions (Snodderly et al. 1984; Gass & Van Newkirk 1992; Bernstein et al. 1997; Ezra et al. 1997 ). Vitreo-retinal traction is assumed to be involved in the MH formation. Here, we may speculate that FLIO delivers additional information to OCT. Short AF decay times within the opercula indicate that parts of the Mcc, containing MP, were probably elevated through an anterior-posterior traction. In MH without operculum, we found that the nasal quadrant of MHb tends to show shorter AF lifetimes, compared to the other three quadrants. The trend was found likewise in MH before first surgery as well as in persisting MH. As MP causes short AF decays, this may indicate that MP tends to be dislocated towards the nasal region during the formation of MH. This could possibly also be caused by traction. A recent study by Mori et al. suggested tractional differences in the development of MH and found higher tractions in the superior quadrant compared to the inferior (Mori et al. 2015) . Whether the higher nasal MP levels are a result of tractional differences or not can only be speculated.
Clinically, MP is dislocated during the formation of MH and relocated to the fovea after successful MH closure. MP can also be found in opercula. With FLIO, a detection of the MP localization within the retina as well as within the opercula is possible. Fluorescence lifetime imaging ophthalmoscope (FLIO) may therefore be a novel method to detect different MP distributions, possibly even when other measurement methods fail. The required compliance of the patient is small, and imaging is possible even with severe retinal affection. The relocation of MP towards the fovea may be, additionally to OCT, an indicator for the success of the MH surgery. Fluorescence lifetime imaging ophthalmoscope (FLIO) shows not the layers that are located back towards the fovea, as OCT does, but it shows if the cells that originally were at the fovea (cells containing MP) were relocated. This may hint the overall outcome of the surgery and could be used for interpretation of the visual acuity after successful surgery. Visual acuity correlated significantly with s m of the fovea 1 month after surgery. The non- significant trend 3 month after surgery may be due to individual differences in cataract development, which has been observed by the investigator. Some limitations of this study have to be mentioned: The resolution limit of the current FLIO is ca. 30 ps. Thus, we are currently not able to determine the MP AF lifetime in vivo, assuming MP exhibits AF lifetimes in the range of a few hundred femtoseconds. Furthermore, the influence of lens fluorescence on the FAF lifetimes is well known. As we focused on the lifetime differences within the same eye, differences in the lens status should affect our results only systematically by increasing the variance of s m . The lens emits fluorescence predominantly in ch1, which would explain larger standard deviations in this channel.
In conclusion, based on the results presented here as well as in our previous study, we can assign the short mean macular AF lifetimes to the MP. Fluorescence lifetime imaging ophthalmoscope (FLIO) is indirectly able to detect MP and provides contrast towards MP distribution patterns in MH. FLIO could possibly be useful as a follow-up method for MH, indicating not only if a MH is closed but also if the original cells relocated.
Macular pigment levels also change with certain other diseases, such as AMD (Kaya et al. 2012) , type 2 diabetes (Scanlon et al. 2015) and Morbus Alzheimer (Nolan et al. 2014 ). Therefore, FLIO has the potential to provide a novel retinal imaging approach additional to, for example, OCT, based on MP fluorescence as a biomarker to diagnose retinal diseases.
